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Who is Flanders Make?

A Flemish research institute whose mission is

to strengthen the long-term international competitiveness
of the Flemish manufacturing industry by carrying out excellent,
industry-driven, pre-competitive research in the domains of

A Mechatronics

A Product development methods

A Advanced manufacturing technologies

vehicles, machines factories of the future
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Conceptual design of a robotic
assembly cell

A Product to be manufactured
A Casing for valve in ventilation system

A Requirements
A Produce 40 cases per hour
A Fully automated, no operator involved
A Use existing machine repository
A Design cell with minimal cost




Conceptual design of a robotic
assembly cell

A Process steps
A Extract from bending machine
A Correct folding
A Join corners

A Join seam
Bl

[ ]
A pif 6

Force €—




Conceptual design of a robotic
assembly cell

A What is the best way of producing this product?
A What machines do we use per process step?
- Different ways (“*working principles”) to perform a process step

A How are these machines assigned to the process steps?
- Machines can be shared between steps (speed vs cost)

_________ { Correct }________{ Join }
Folding Corners

Robot with ,
end- effector? Separate

machine?

-~
ﬁ Static
machine? V4



Conceptual design of a robotic
assembly cell

A Approach: Computational design ] i
. Design Repository + Problem
synthesis

Definition (SysML+OCL)
F‘i
-~ \‘ o -kl:nde esign .

«Block, Resources

A Represent design problem in a formal
model (SysML+OCL)

A Design repository to store knowledge
for computational synthesis

A Automated transformation to a Mixed-
Integer Linear Program (MILP)

A Represent solution in SysML

constraints

- Explore more of the design space
at a lower cost

AnaIysisA & Evaluation (MILP)
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Problem definition

Designh space model

A System-Under-Design, Objective & Requirements

«Block» [2]

GenericSystemUnderDesign

properties
= + / e1
s /throughput: Rea

[E3 + /cost: Real= self.resources.cost->sum()
=) + fresources: ManufacturingCompoenent [1..%]

i

«Block»
SimpleManufacturingCell

properties
=] + piecesPerHour: Real= 40.0
=] + reqCornerClinchingForce: Real= 30000.0
=] + reqSeamClinchingForce: Real= 82000.0

yaN

constraints

TN

Throughput must be at least
40 products / hour

{7} {throughput > = piecesPerHour/3600} <€
2} {cost}

stereotype

Constraint, tagged with an objective

SysML 1.1



A Functional specification
A Simplified sequential process shown

Design space model

Problem definition

Z
i ProcessAlternativel

workpieceIH

workpiece

clinchCornerl ki

[ flipCasing "h}

[ clinchCorner2

)

finishedProductOut

(

jJ workpiece

—-E( readReqCornerClinchingForcel

readReqCornerClinchingForce2

Suggestions for more
intuitive representations?
- Textual?

object
L readMfgCelllnstance




A

Design repository

A Activities
A Activity hierarchy

A Assumes property and
parameter equivalence
- Inheritance

- Comparison through
OCL constraints

- Visualization in class
diagram

A Resources
A Resource hierarchy
A Non-abstract leaves

Designh space model

—

i +/ operationTime: Real [1]

do: AssemblyOperation

I

Eg +/ maxForce: Real [1]

bt TransportOperation

[

oo Move

redefine all inherited

«Block, Resources

DFG500/60

properties and specify
their values

properties

4 + maxForce: Real= 6000C -
T

«Block, Resources
DFGS00/80
properties

3.+ maxForce: Real= 8000 .
C.

«Block, Resources
DFG500,/150
properties

=
11




Design space model

Design repository

A Working Principles
A Non-abstract leaves in the activity hierarchy
A Links to the resources needed to execute the activity

A Redefines properties and fills in their value, often based on
resources used

Ed]
1 «Block, Resources
«WorkingPrinciples = —— i
58} ClinchWithClinchingMachine + robotWithGripper
2 +/ operationTime: Real [1] = 10 Block Resorcen D
Ca +/ maxForce: Real [1] = clinchingMachine.maxForce 1 &
+ clinchingMachine
65! Clinch
[z +/ maxForce: Real [1]
«WorkingPrinciple=
g ClinchWithClinchingHead + robotWithClinchingHead «Block, Resources [7]
Cz +/ operationTime: Real [1] = 8.0 [ .
! Ca +/ maxForce: Real [1] = robotWithClinchingHead.endEffector.maxForce 1



Design space model

Specialized profile

A Extensive use of existing concepts

A Inheritance, redefinition (not present in ecore), derived union,...
A Limited set of problem-specific concepts needed

A Some only needed because of validation

7] 7] 2]
=Metaclasss =5tereotypes aMetaclasss aMetaclasss
Activity Block Constraint Property
=Sterectypes =Sterectypes =Sterectypes =Sterectypes =Sterectypes =Sterectypes
WorkingPrinciple Resource Objective required processCuration throughput




Toolchain

Formal Model of Design Problem
(Papyrus SysML+OCL)

Define System Under Design

v

Define Objective

v

Define Requirements

v

Define Functional Specification

| Georgial sttt
| off Technologyy

Model-Based
M B Systems Engineering
Center

Execute Transformation
(Java)

Mixed-Integer Linear
Program (MATLAB)

Execute MiLp | | Predict
Performance,
Solver
Cost, ...
N/

Solution(s)

Execute Transformation J
(lava)

Solution in SysML <

14



& Execution of Solver

Automated Transformation to MILP

& Papyrus - SampleProject/model.di - Eclipse Platform

File Edit "’Diagram Mavigate Search Papyrus Project Run ITrarslom\ations] Window Help

v (& G R s
é!’l" v.'-} v“j(}:lvc;f;vé”

— v Y e o SysMLZMILP e -

Transform and Execute

| B Model Bx.. 52 | [ Project ...
EEEERE

4 B2 RootElerment
b 5 <Package Import> DSELibra

4 «Blocks MySystemUnderDe

[ {7} «Objectives Constraintl

,/" < Generalization> Generi

Insert @, ﬁ ﬂ -
Comment % 5_’,@ Ei:"l

L

NAVIGATE BREAKFOINTS -

I |55 MyFunctionalSpecificati

| milp_generated.m ?ﬂl +]

[ «Block= MyWorkpiece L valmip('elear');
Bg Diagram Problem Definition z Zizar 2
Bg Diagram Function Definition 4
i B2 «Modellibrary= DSELibrary 5
b B% «EPackage, Modellibrarys UML 8 B = binvar (30, 2);
7 assign(h, 0):
[» B= «Modellibrary= Ecore Primitive g C = binvar (40, 2);
- B2 RootElement 9 assign(C, 0);
= SyﬁﬁftPﬁnﬂﬁveTypes 10 Duratlo? = sdpva?tl}: -% Duration of complete pIDCES? (time spent-worklng on input element from start t
11 Constraints = [binary(d), binary(C)]: % Vector of linear constraints
12 M= []: % Vector of all resource instances (or, rather, binary variables indicating their existence)
13 ResourceTypelist = {}; % (Ordered) 1list of qualified names of types off resource instances (used for co:
14 CompositeResourceTypelist = {}; % (Ordered) list of gualified names of types of composite resource inst:e
15 WETypeList = {}:; % (Ordered) list of gualified names of types of working principle (used for correspc
16 FunctionMNameList = {}; % (Crdered) list of names of functions (used for correspondence and visualizatic
17
18 % Instances of MZD25/3
19 I:I.H:I._type = {'DSELibrary::Rescurces::Joining: :Clinching: :ClinchingHeads=s::MZD25/3"'}; % Qualified names of

20 I1M1 = binvar(l):
21 I1M1 cost = 3000.0; % cost of MZID25/3
22 I1M1 maxForce = 30000.0; % maxForce of MZID25/3

| [CJ) F—T— N

| seript [Ln 952 Col 1




Generation of Solution
Instance(s)

BE

4\ MATLAB R2013b

A= S5 o & (51 (2] Search Documentation PH
Hz, New Variable | Analyze Code nE @ (O} Preferences @ (“% Community
02 1T e | 2 OB - : &5 - :
Open Variable « Run and Time Set Path Request Support
New MNew Open Cﬂl"lﬂﬂl’e Import Save Simulink  Layout H
Script * - |Dam m@mmv|@mcﬂ—mnsv|muy| - Wmmv|v§}m0mv
FILE | VARIABLE | CODE | SIMULINK | ENVIRONMENT | RESOURCES
= (55 v C ¥ Users b Sebastian b - 2
Current ... (&) nmand Window Workspace ®
o @ MNew to MATLAB? Watch this Video, see Examples, or read Getting Started. X1 | Mame ~
= | LSS P
= fec.. i Total number of ABBIRB6700-200/2.6: 0 i A i
=
| fecu Total number of ABBIRB6&T700-205/2.8: 0 C
B feco. o Total number of ABBIRB&T00-235/2.65: 0 ComPOS!tERES
_|fec.. _ | Total number of ABBIRBET00-245/3.0: 0 101] CompositeRes
——=f==——| Total number of ABBIRB6700-300/2.7: 0 c"”“_’a'”t‘
ap fnce Total number of ABBIRBT600-150/3.5: O E“ra:t',o"N
unctionMame
Instances of M Total number of ABBIRBTE00-325/3.1: 0O an
Total number of ABBEIREBTE00-340/2.8: 0O ]1M1L'I i
Total number of ABBIRET&00-400/2.55: 0O , D b
Total number of ABEIRBT7&00-500/2.55: 0O
Total number of RobotWithClinchingHead: 1 Command Hi.. ®
Total number of RobotWithGripper: 0 i
Call Behavior Action clinchSomething (actiwvity: ClinchEnd)} -% ClinchWithClinchingHead :
productionTime: 6.100000e+00 Tl
throughput: 1.639344e-01 =
cost: 403897
fr e L
4 j 3 < m 3




xcel Output

Resources Function Working Principle

A B 5
1 clinchCornerl (ClinchWithClinchingHead) clinchCorner2 (ClinchWithClinchingHead) fl
2 MZD25/3 1 1
3 ACMEConveyorBelt 1] o
4 ABBIRB2600-20/1.65 1 1
5 |RobotWithClinchingHead 1 1

“1” if function
allocated to resource

A B
1 RobotWithClinchingHead
2 MZD25/3 1
3 ABBIRB2600-20/1.65 1
4 RobotWithClinchingHead 1




ack Transformation

-
£ Papyrus - SampleProject/model.di - Eclipse Platform

File Edit *J Diagram Mavigate Search Papyrus Project Run | Transformations | Window Help
AmRAEIREER e B Ry B SR JE. RO B SysML2MILP

ol e e o= | s ow v G ow MILP Solution to SyshL

Transform and Execute

B- Model Ex... 52 [ Proiect ... = O ~3 *model.di 53

4 [ RootElement
[ Pfa';:, <Package Import> SPT_Library
4 [ Selution_0
» & «Resources ILM1_MZD25/3
» & «Resources LMT_ACMEConveyorBelt
b & «Resources 2MI_ACMEConveyorBelt
[ E «Resources I M21_ABBIRE2600-20,1.65
[
4

E simpleManufacturingCell_Solution_0
E§ «throughput» +f throughput: Real [1] = 6.250000e-02
g +/ cost: Real [1] = 46897

£ «Resources [LM39_RobotWithClinchingHead

E] simpleManufacturingCell_Solution_0 ’
A <Generalization> SimpleManufacturingCell
b '—F'*-p'eccespe”'é‘l’.”’ﬁeal': fea 1 | + i1M39_RobotWithClinchingHead
b Eg reqLomerClinchingForce : Rea + iZM7_ACMEConveyorBelt | 1
| Eg reqseamClinchingForce : Real
> 5 / productionTime : Real Resources = nwmse Rf:\:fl‘;fg hingHead|
th h t: Real = _h.ol InchingHea
v 3 /throughput: Rea E] BM7_ACMEConveyorBelt .+ cost Real[1] = 37897
| Eg / cost:Real st Real L] = 4500 & =
E4 [ resources : ManufacturingComponent [1..%] +* € -
= 1M7_ACMEConveyorBelt : IM7_ACMEConveyorBelt
= i2M7_ACMEConveyorBelt : 2M7_ACMEConveyorBelt
= i1M39_RobotWithClinchingHead : LM39_RobotWithClinchingHead
[ / A_I1MT_ACMEConveyorBelt_simpleManufacturingCell_Solution_0 + M7_ACMEConveyorBelt
b oo AiZMT_ACMEConveyorBelt_simpleManufacturingCell_Solution_0 - 1 + IML_MZD25/3 | 1 + ilMZ1_ABBIRB2600-20/165( 1
[> /A_ilM39_RobotWithClinchingHead_simpIeManufacturingCeII_Sqution_O
b o ALLML_MZD25/3_i1M39_RobotWithClinchingHead EDWTS\::EC@ - “Reourcen e
. . A 0 onveyorBe «f
b oo A_ilM21_ABBIRE2600-20/1.65_i1M39_RobotWithClinchingHead . + cost Real [1] = 4500 =l nm1_mzoasa ] 1 M21_ABBIRB2600-20/1.65)
B3 Diagram ClassDiagram &

(3 + cost Real [1] = 3000 [Ci + cost Real [1] = 34897
«Block= SimpleManufacturingCell

E'a Diagram Design Problem Definition

B2 Nianram Prarece Alternativec




utline

A

A
A
A

A Discussion

A Priorities

A Tool usability All of these points have
A OCL framework been added to the bugzilla

A Instance creation and visualization



O Governance
A Clear priorities
A Bugzilla
1. Usability
A Simplification
A Documentation
A User-friendliness
A Customization
2. Robustness
3. Communication

4. Features

Bugs

riorities

1000 -
800 -
600 -
400 -

200 -

2010-2011

849

FIXED

1000 ~

S00

600

400

200 -

01/01/2015-now
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riorities

0 Governance

1. Usability
Simplification
Documentation
User-friendliness
Customization

h WM&

2. Robustness
3. Communication
4. Features

You can implement all the features we are

asking for, but if the tool is too difficult
too use, we still won’t be able to get any
of our member companies interested

21



A

Tool usability

A Shield the user from the complexities of SysML
A Typical DSL only needs a limited set of UML and SysML concepts

UML SysML Diagrams
classes classes

m Used m Used m Used
= Unused = Unused = Unused

22



A Filtering of the content the user can use

Tool usability

A Limit the number of diagrams/tables

A Manipulate the new child menus
- Single new child menu, containing just the elements we need

A Simplification of the palette

+ documentation of
these features

El
]

iy

pf ST E Q

Mew Diagram
Mew Table
Delete

Rename

Undo
Redo

Cut

Copy
Paste

Refactor

Import

Export

Validation

Create Submodel

Enable write

[

Delete
F2

Ctrl+£
Ctrl+Y

Ctrl+X
Ctrl+C
Ctrl+V

3

3

v w v

h Activity Diagram
Bg Block Definition Diagram
Bg Class Diagram




Tool usability

A Add elements to the palette and menus
with more complex functionality
A Pre-stereotyped elements
A Elements inheriting from a library element

A Synchronization between palette and new
child menu customizations?
— Currently requires double work

+ documentation of
these features




Tool usability

A Add elements to the palette and menus
with more complex functionality
A Pre-stereotyped elements
A Elements inheriting from a library element

A Complex functions to perform common tasks
- Redefinition of all inherited properties

+ documentation of
these features

M meleempme =)

oI =1 -

[=
if

if

&
®
]

il ok

i <«

Java

Profiles

Mew SysML Child
Mew Child

Mew Relationship
Mew Diagram
Mew Table

Rename

Undo
Redo

Cut
Copy

Paste

Import

Export

Validation

Create Submodel

Enable write

v T v w v w v

Delete

F2

Ctrl+Z
Ctrl+

Ctrl+X
Ctrl+C
Ctrl+V

| Redefine Inherited Yalue Properties II




Tool usability

A Additional validation rules

=5terectypes
Block
«Block, Resources «Block, Resources «Block, Resources
mStEfEthpEn DFGS00,/60 DFGS00/80 DFG500/150
Resource properties properties properties

= = Ca
= = =




Tool usability

+ documentation of

A Intelligent lay-outing of di m
telligent lay-outing of diagrams these features

A Automatic lay-outing
A Semantic lay-outing

E] SimpleManufacturingCell_Solution_0
E§ «throughputs +/ throughput: Real [1] = 6.250000e-02
e.g. Backtransformed solutions 53 <thomsbets -+ fes
+r ¢
a 7 Solution_0 1| + ilM39_RobotWithClinchingHead
i & «Resources IM1_MZD25/3 + 12M7_ACMEConveyorBelt| 1
[» E «Resources IM7_ACMEConveyorBelt - Clnwes R‘R'SW':E’;_ n——
«RESOUrCEs _RobotWitl InchingHea
» | «Resources 2M7_ACMEConveyorBelt ] 2M7_ACMEConveyorBelt T4 + cost Real [1] = 37897

i = «Resources ILM21_ABBIRB2600-20/1.65

i = «Resources I1M33_RobotWithClinchingHead

B Q SimpleManufacturingCell_Sclution_0

[» /A_ilM?_ACMEConveyorBelt_simpleManufacturingCeII_Sqution_ﬂ

b ALiZMT_ACMEConveyorBelt_simpleManufacturingCell_Selution_0 + iIM7_ACME ConveyorBelt [ ] )

b o AILM39_RobotWithClinchingHead_simpleManufacturingCell_Selution_0 ‘l’ * AMLMZDZA | 1 + (M ABBIRE2000-207L.65) 1

b o ALMI1_MZD25/3_i1M39_RobotWithClinchingHead T Resourcer

s o AiLM21_ABBIRB2600-20/165_ilM39_RobotWithClinchingHead £ 1M1_MZD25/3 [ M21_ABBIRB2600-20/1.65
' (g + cost: Real [1] = 3000 (L4 + cost: Real [1] = 34897

A



CL framework

A OCL on activities is not supported

1 «Block, Resources

«WorkingPrinciples
g2 ClinchWithClinchinghachine

Ci _+/ operationTime: Real [1]=10.0 «Block, Resources o
1
Lot - oot < s

+ clinchingMachine

= —
+ robotWithGripper

al

[Eg +/ maxForce: Real [1]

«WorkingPrinciples
gt ClinchWithClinchingHead + robotWithClinchingHead

[Ea_+/ operationTime: Real [1] = 80 e
Ca 1

A Custom OCL translation
A Manually created parser (monstrous spaghetti code)
A A proper implementation would require an OCL metamodel

A 28

«Block, Resources
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Instance creation and
visualization

= clinchingMachine: DFG500/150

[Z] system: SimpleManufacturingCell

slots

A Instances allow to
A Specify partial solutions as ‘expert knowledge’

slots
92 resources: clinchingMachine

A Debugging through validation of correct and incorrect instances

A Specification of context specific values

A Papyrus support for instances is lacking
A Instance creation is tedious

- Wizard, similar to MagicDraw, for creating feasible instances?

A No proper visualization provided

system: SimpleManufacturingCell —asources= clinchingMachine: DFG500/150

29




onclusions

A Papyrus can be used as part of a computational design space
exploration toolchain
A General purpose languages such as SysML+OCL contain most of the
concepts necessary to express the design space

A Usability & customizability is a condicio sine qua non in order to
achieve adoption amongst industrial designers

A Design space exploration tools still require interaction with the
designer, which requires visualization of solution instances

A Papyrus seems to be a viable candidate to build upon, yet
there remains a lot to do...

30



QUESTIONS?

REMARKS?



